The vertical and seasonal distribution and diversity of archaeal sequences was investigated in a hypersaline, stratified, monomictic lake, Solar Lake, Sinai, Egypt, during the limnological development of stratification and mixing. Archaeal sequences were studied via phylogenetic analysis of 16S rDNA sequences as well as denaturing gradient gel electrophoresis analysis. The 165 clones studied were grouped into four phylogenetically different clusters. Most of the clones isolated from both the aerobic epilimnion and the sulfide-rich hypolimnion were defined as cluster I, belonging to the Halobacteriaceae family. The three additional clusters were all isolated from the anaerobic hypolimnion. Cluster II is phylogenetically located between the genera Methanobacterium and Methanococcus. Clusters III and IV relate to two previously documented groups of uncultured euryarchaeota, remotely related to the genus Thermoplasma. No crenarchaeota were found in the water column of the Solar Lake. The archaeal community in the Solar Lake under both stratified and mixed conditions was dominated by halobacteria in salinities higher than 10%. During stratification, additional clusters, some of which may possibly relate to uncultured halophilic methanogens, were found in the sulfide-and methane-rich hypolimnion.
The Solar Lake is a small monomictic hypersaline lake located on the Sinai coast of the Gulf of Aqaba. The lake is separated from the gulf by a narrow sand bar. Water is supplied via seawater seepage through the sand bar and occasional winter precipitation. The depth of the lake fluctuates between 4 and 6 m. It is regulated by seasonal changes of influx seepage, out-flux of brine back to the gulf, and evaporation. High evaporation rates and arid climatic conditions during the summer months cause the salinity to rise to hypersaline values of up to 20%. Total mixing of the water column then occurs, and the entire water column is completely oxygenated. Temperature and salinity are constant throughout the water column, and sulfide and methane concentrations are very low during holomixis (6) . In the fall, the water column becomes stratified due to the salinity gradient between the residual, highly saline water (18 to 20%) and the overlying, newly introduced seawater (5%). The density gradient between the two layers causes development of a pycnocline, which prevents mixing between the epilimnion and the hypolimnion and allows the development of a thermocline with an inverse temperature gradient (16 to 55°C) . Oxygen is present throughout the epilimnion of the lake, where oxygen concentrations may reach supersaturation due to the photosynthetic activity of planktonic cyanobacteria (5) . The pycnocline prevents atmospheric oxygen from penetrating the hypolimnion, and oxygen is rapidly diminished. High sulfide concentrations of up to 3 mM develop in the hypolimnion due to the activity of sulfate-reducing bacteria (SRB) in the water column (19) and in the surrounding cyanobacterial mats (36) . Gradual heliothermal heating of the metalimnion causes the gradual destabilization of the pycnocline. Increasing evaporation rates in spring further disrupt the stratification and lead to summer holomixis.
Thick cyanobacterial mats carpet the Solar Lake sediment. The mats constitute a complex laminated ecosystem containing highly diverse microbial communities. Their activities affect the biogeochemistry of the lake by exporting oxygen, sulfide, and methane into the overlaid water column (7, 16, 21, 36) .
The Archaea are divided into two kingdoms: the Crenarchaeota, of which all members presently isolated are extreme thermophiles, and the Euryarchaeota, a diverse group which includes all members of the methanogens, the Halobacteriaceae, and certain thermophiles (41) . Phylogenetic analysis of 16S rRNA from diverse natural environments have identified a large number of both crenarchaeotal and euryarchaeotal sequences (3, 8, 9, 15, 18, 26) . Many of these sequences form monophyletic clades unrelated to any known cultured organism.
In sulfate-rich ecosystems, methanogens are normally outcompeted by SRB for acetate and hydrogen (29, 30, 40) . However, certain methanogens are able to utilize noncompetitive substrates, such as methylamines, derived from compounds that accumulate in halotolerant organisms, where they serve in osmoregulation in hypersaline environments (23, 31) . Metabolic activity of methanogens that utilize noncompetitive substrates is not affected in environments where SRB are present. The presence and activity of methanogens capable of using noncompetitive substrates have been previously described for the cyanobacterial mats of Solar Lake. Radiotracer experiments in the Solar Lake mats showed rapid metabolism of [ 14 Halobacteriaceae inhabit highly saline environments, such as hypersaline lakes, salterns, and salted fish (32) . The optimal salinity for most Halobacteriaceae ranges between 2 and 4 M NaCl (12 to 23%) (20, 33) . The salinity in Solar Lake ranges between 10 and 20%, except for surface layers of the epilimnion during winter, where minimal salinities as low as 6% have been recorded. The relatively high salinity of the lake indicates the potential presence of halophilic Archaea.
The maximal temperature in the Solar Lake water column measured in the course of this research was 55°C. Temperatures as high as 72°C have been previously recorded (Y. Cohen, unpublished data). Certain thermophilic Archaea have a minimal temperature requirement of 55°C (37) . However, most isolates thrive at temperatures ranging between 75 and 100°C. Therefore, the presence of thermophilic Archaea in Solar Lake is not likely.
The goal of this research was to assess the distribution and diversity of the various archaeal sequences from vertical profiles of the water column of the Solar Lake during stratified and mixed periods. Two molecular approaches were used. (i) The diversity of Archaea was assessed by phylogenetic analysis of 16S rRNA using cloning and sequencing techniques. (ii) The distribution of Archaea was studied by denaturing gradient gel electrophoresis (DGGE) analysis of PCR-amplified fragments of 16S rRNA archaeal sequences. The identified archaeal sequences were analyzed in correlation to salinity, temperature, sulfide, and methane measured concomitantly in the lake.
MATERIALS AND METHODS
Sampling procedures. Sampling was carried out on a small boat fixed at a set point in the center of the lake. Samples were collected using a peristaltic pump connected to an 8-mm-diameter silicone tube. Water intake was through a 1-cm space created between two hydrodynamic, opposite cones described previously by Jørgensen et al. (19) . This device prevented vertical mixing of the water column during sampling. Samples were taken at 0.25-or 0.5-m intervals from the surface to the water-sediment interface. Temperature and pH were measured on the boat using a combined temperature-pH meter (El Hamma Institute, Mavo Hamma, Israel), density was measured via a glass densiometer, and salinity was measured by using a refractometer (Atago, Tokyo, Japan). Water samples for oxygen and sulfide analysis were pumped into glass stoppered bottles and fixed with Winkler reagents (1) and zinc-acetate (4), respectively, and were analyzed soon after the samples were on shore.
Water samples for methane analysis were filled into 30-ml syringes. Then 10 ml of each sample was withdrawn from the syringe and replaced by 10 ml of air. The syringes were sealed and shaken vigorously for 5 min to allow equilibrium with the gaseous phase. The 10-ml methane-equilibrated gas phase was then injected into a 15-ml sealed penicillin bottle prefilled with double-distilled water through a thick butyl rubber stopper. The injected methane-equilibrated gas displaced 10 ml of the water. These sealed bottles, each containing the 10 ml of methaneequilibrated gas, were then sent to the laboratory of Oremland at the U.S.
Geological Survey, Menlo Park, Calif., where methane concentration was measured using quantitative gas chromatography with a flame ionization detector (30) . Calibration series of known methane concentrations showed no loss of methane during sampling, shipment, and analytical procedure.
For molecular analysis, 100-ml samples of Solar Lake water from each depth were filtrated on site through 0.2-m-pore-size, 47-mm-diameter polycarbonate filters (Poretics Products, Livermore, Calif.). Filters were cut in half, immediately placed in liquid nitrogen, and stored at Ϫ70°C until nucleic acid extraction was performed.
DNA extraction and PCR. DNA was extracted from the polycarbonate filters as described before by Minz et al. (25) . DNA was electrophoresed for 30 min at 100 V on 1% TAE agarose gel, excised from the gel, and purified with a jet sorb gel extraction kit (Genomed Inc.).
Purified DNA from the various selected depths was amplified using specific 16S rRNA archaeal primers, 21f and 958r (Table 1) . Each 50-l reaction mixture contained 5 l of 10ϫ PCR buffer (Idaho Technologies, Idaho Falls, Idaho), 5 l of deoxynucleoside-triphosphate mix (2.5 nM each), 2.5 l of bovine serum albumin, 0.5 l of 21f primer (50 M), 0.5 l of 958r primer (50 M), 0.5 l of Taq polymerase (TaKaRa, Otsushiga, Japan), 1 l of template DNA, and RNase/DNase-free water to a final volume of 50 l. PCR was performed in 50-l glass capillaries using the Rapid Cycler Capillary PCR (Idaho Technologies). The following PCR program was used: 94°C for 30 s, followed by 30 cycles of 94°C for 15 s, 55°C for 20 s, and 72°C for 45 s, followed by 72°C for 30 s. DGGE analysis. DGGE was used to examine the diversity of Archaea in different depths of the water column. DNA from selected depths was amplified using the 16S rRNA-specific oligonucleotide primer pair GC-PARCH 340f and 934r ( Table 1 ). The PCR program for DGGE was as follows: 94°C for 30 s, 4 cycles of 94°C for 5 s, 52°C for 1 min, and 72°C for 22 s, followed by 35 cycles of 94°C for 5 s, 52°C for 15 s, and 72°C for 22 s, with a final extension of 72°C for 30 s. PCR products were separated on an acrylamide gel with a 35 to 70% vertical denaturant gradient, using the DCode system (Bio-Rad, Hercules, Calif.). The system was run for 3.5 h at 200 V and 60°C. DGGE gels were stained in aqueous ethidium bromide solution, destained with double-distilled water for 15 min, and photographed using a BIS 202 bio-imaging system (Dinco and Rhenium, Beit Ne Kofa, Israel). Selected DGGE bands were excised from the gel, purified, reamplified with the same primers, cloned, and sequenced using the technique previously described (28) .
Cloning of archaeal PCR products. PCR products of 937 bp were ligated to pGEM T-easy vectors, which were transformed to E. coli JM109 competent cells (Promega, Madison, Wis.). Clones containing the correct insert were reamplified using DGGE-specific primers and examined on 35 to 70% DGGE gels. Distinct clone types detected by the DGGE analysis were selected for further analysis. Plasmids were purified using QIAprep Miniprep columns (Qiagen, Germany) and were sequenced with an ABI automated DNA sequencer by using a Prism dideoxy terminator cycle sequencing kit and the protocol recommended by the manufacturer (Applied Biosystems).
Phylogenetic analysis of detected sequences. The approximately 900-bp partial sequences generated by the cloning technique and 580-bp partial sequences generated by the use of DGGE primers were added to a prealigned database of complete or partial 16S rRNA sequences by using the aligning tools from the ARB program package (38) . Parsimony analysis was used to phylogenetically place the 16S rRNA sequences from Solar Lake with the 16S rRNA database sequences. Solar Lake sequences were selected along with archaeal reference sequences from the ARB, and consensus trees were generated by neighbor joining with the Olsen correction method (38) . Sequences analyzed were screened for chimeras by the Chimera-Check program from the Ribosome Database Project (22) .
Nucleotide sequence accession numbers. The 10 novel 16S rRNA archaeal sequences detected in the Solar Lake water column were submitted to GenBank and assigned the following accession numbers: AF196290, AF199372 to AF199379, and AF272840. See Fig. 2 for reference sequences used to generate the phylogenetic tree.
RESULTS
Limnological profiles. During 1997 and 1998, a total of 24 vertical liminological profiles were examined during two annual limnological cycles at Solar Lake. Three selected vertical profiles from June, September, and December 1997 representing the main limnological stages of the lake were selected for analysis in detail. Figure 1 depicts vertical day profiles for temperature, salinity, oxygen, sulfide, and methane from the water column of Solar Lake from the three profiles. The September 1997 profile represents the onset of stratification. The entire water column was oxygenated, with oxygen concentration ranging between 100 and 140 M. Maximal sulfide (6.7 M) and methane (0.4 M) concentrations are relatively insignificant compared to those measured during stratification. A sharp increase in temperature and salinity occurred only in the upper 0.25 m of the water column. Salinity increased from 16 to 19%, followed by a temperature increase from 30 to 39°C.
The December 1997 profile portrays stable stratification. The halocline, thermocline, and chemocline were all located at 1.00 to 1.25 m. There was a strong correlation between the sharp increase in temperature and salinity and the decrease in oxygen concentration between the surface water and that of the anaerobic hypolimnion. In the hypolimnion of this profile, there was a rapid increase in sulfide concentration, which reached a maximal value of 1,240 M proximal to the sediment. A peak in methane concentration existed directly below the chemocline, where a maximum value of 6.5 M was measured. Maximal methane concentrations directly below the chemocline were also observed in profiles from November 1997 and May 1998 (Cytryn et al., unpublished). Below this peak, the methane concentration decreased and increased again to a value of 4.5 M proximal to the water-sediment interface.
The June 1997 profile portrays a transitional state between late stratification and the beginning of holomixis. Salinity and temperature gradients were more gradual than those observed in the December 1997 profile. The halocline and thermocline were less defined and appeared deeper in the water column (2 to 3 m). Mixing caused oxygen to penetrate much deeper than in the earlier stages of stratification, and the chemocline was located at 3.25 m. The oxygen concentration in this profile reached a maximal value of 300 M at a depth of 1 m. The supersaturated values of oxygen imply intensive oxygenic photosynthetic activity at these depths. Below the chemocline, a sharp rise in sulfide concentration occurred, reaching a maximum value of 2,150 M at the water-sediment interface. Methane concentration increased linearly from the surface and reached a maximum value of 17 M adjacent to the lake sediment.
Molecular identification of archaeal sequences. Specific 16S rRNA primers were used to amplify archaeal sequences within Of the 165 clones analyzed, 16 unique sequence types (Ͼ97% sequence identity) were identified. These sequences group into four clusters, which were correlated to the limnological conditions of the samples. Table 2 shows the distinct sequence types detected at selected depths of the water column from the three profiles analyzed.
The unique sequences shown in Table 2 , together with 16S rRNA sequences of selected archaeal strains, were used to generate a phylogenetic tree (Fig. 2) using the neighbor joining method.
Of the 165 clones analyzed, 144 clones belonged to cluster I, a monophyletic group within the Halobacteriaceae family. All sequences analyzed from September 1997, as well as all sequences detected in the oxic depths of the June 1997 and December 1997 profiles, belonged to this cluster. In addition, 92 of the 104 clones from the anaerobic depths analyzed in the two stratified profiles examined belonged to this cluster. Cluster I contains two similar clone types, JDS-1 and D3.5-B, with approximately 94% sequence identity between them. Clone type JDS-1, the most prevalent clone, was found at all depths in all three profiles. Clone type D3.5-B was detected only in the December profile at 3.5 m. These two sequences have relatively low sequence identity to the 16S rRNA sequences of any of the cultured halophilic Archaea, and they have only 89% sequence identity with the genus Haloferax, their closest cultured relative. However, they more closely resemble a number of uncultured 16S rRNA sequences detected in the Solar Lake cyanobacterial mats (D. Minz Cluster IV contains three sequences isolated from the December 1997 profile and nine sequences from the June 1997 profile. The genus Thermoplasma is remotely related to this group, having 74% sequence identity. However, sequences from this cluster have much greater identity to a number of sequences previously isolated via molecular techniques, including sediments from Pacific methane seeps (18) , coastal salt marsh sediments (26) , in the digestive tracts of marine fish (39) , and in waters from the Santa Barbara channel (24) .
No members of the kingdom Crenarchaeota were detected in the water column. Members of this group were detected in the Solar Lake cyanobacterial mats (Minz et al., unpublished) .
Vertical diversity of archaeal sequences by DGGE analysis. DGGE was used to analyze the vertical and seasonal changes in diversity of archaeal communities. Figure 3 shows ethidiumbromide-stained, polyacrylamide gels from vertical DGGE analysis of PCR products from the three profiles analyzed.
PCR products from the September 1997 and December 1997 profiles were analyzed on the DGGE gel shown in Fig. 3 (upper gel), and the profile from June 1997 is presented in the Fig. 3 lower gel. In addition to these amplified environmental samples, cloned sequences shown in the Fig. 3 upper gel (JDS-1, J3.25-8, J3.25-13, and J4.75-12) representing three of the cluster types (Fig. 2) were amplified with DGGE primers and run adjacent to the water column samples in an attempt to phylogenetically identify specific DGGE bands according to their relative positions in the gel. Excised bands were reamplified and rerun on the lower acrylamide DGGE gel in Fig. 3 to confirm that the correct band was excised. These bands were sequenced and compared to sequences generated by the cloning analysis shown in Table 2 .
The four samples analyzed from the September 1997 profile appear to have identical DGGE band patterns. The sample taken at 0.75 m in the December 1997 profile is identical to those from September 1997, with the exception of two faint bands (A1 and A2) that appear in the upper layers of the gel. The 1.25-m and 2.0-m samples from December 1997 show two different bands (A3 and A4) that are similar in their relative positions but not identical to those from 0.75 m. The differences in DGGE band pattern between the bands of these two profiles may be due to the shift from aerobic to anaerobic conditions, which occurs between 1 and 1.25 m.
Additional diversity is seen in the DGGE band pattern of the 4.75-m sample from December 1997. Two bands (A5 and A6) not present in all previous samples are seen here. Band A5 has a relative migration identical to that of the clone sequence J3.25-8 from cluster II. Band A7 appears at all depths analyzed from September and December 1997. This band has the same relative migration as clone sequence JDS-1 from the haloarchaeal cluster I. Clone sequences J3.25-13 and J4.75-12 from cluster IV have relative migration patterns similar to those of bands seen in the anaerobic samples from December 1997 (1.25, 2, and 4.75 m). The June 1997 profile appeared to have the greatest archaeal diversity of the three profiles examined. Band B1 appeared at all depths sampled on this DGGE gel. The band intensity was greatest at 1 m and appeared to be the most dominant band at all depths analyzed above 3.75 m. Sequencing of this band showed it to be identical to the haloarchaeal clone JDS-1 from cluster I, shown in the phylogenetic tree in Fig. 2 . Band B2 appeared only in the anaerobic depths analyzed (3.75, 4.5, and 4.75 m). At 3.75 m, this band was faint, but at 4.5 and 4.75 m, the intensity was much stronger and appeared to be dominant. Sequencing of this band placed it within cluster IV, defined in the phylogenetic tree in Fig. 2 . Band B3 appeared at all depths sampled in this profile with the exception of 0.00 m. It was not successfully sequenced and therefore its phylogenetic affiliation is not clear.
The two bands B4 and B5 appeared only at 0.00 and 1.00 m. Sequence analysis characterized them as bacterial species related to the genus Cytophaga. This is apparently a product of nonspecific amplification by the archaeal DGGE primers.
DISCUSSION
The unique limnology of the Solar Lake, which includes high salinity and relatively high methane concentrations during certain periods of the year, led us to analyze the diversity and vertical distribution of archaeal populations in the water column.
DGGE was implemented to analyze the vertical distribution of Archaea sequences in the water column of the three profiles 
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ARCHAEA IN A STRATIFIED HYPERSALINE LAKEstudied. It may be possible to correlate between the intensities of different bands that appear simultaneously in separate lanes and the relative abundance of each population for each lane (14, 28) . Analysis of 16S rRNA archaeal sequences via both cloning and DGGE imply that halophilic archaeal sequences belonging to cluster I are the dominant archaeal sequence throughout the water column in all of the three profiles analyzed. Of the 165 clones analyzed, 142 belonged to this cluster. In addition, DGGE bands correlating to cluster I sequences were present at all depths analyzed from the water column (Fig. 3) . These bands appear to have stronger relative intensities in the oxic depths of the water column than in the anoxic depths (Fig. 3,  lower gel) . No PCR products were obtained from DNA extracted from 0.00 and 0.50 m from the December 1997 profile, where salinity values were 7.9 and 8.5%, respectively. The inability to detect sequences from species affiliated with cluster I may be because salinity values in these samples are below the minimum required for growth of this organism. Clone JDS-1 from cluster I was detected in oxic as well as anoxic layers where sulfide and methane concentrations are relatively high. In addition, it was detected at various depths with temperatures ranging from 15 to 55°C. This may imply that this organism is capable of surviving under diverse ecological conditions. FIG. 3 . DGGE profiles showing sequence types from selected samples during holomixis, early stratification, and late stratification of Solar Lake. (Upper gel) DGGE of selected environmental samples from holomixis and early stratification compared to those of selected cones in order to identify known bands according to their relative levels of migration. Bands A1 to A7 are represented by the white lines seen on both sides of the gel. (Lower gel) DGGE of selected environment samples from late stratification compared to excised bands from the gel, which were sequenced and rerun to confirm sequence pattern. Sept., September; Dec., December.
Sequences belonging to cluster I are closely related to halophilic archaeal sequences detected in the cyanobacterial mats (Minz et al., unpublished) as well as in salterns in Eilat, Israel (Minz et al., unpublished) and in Alicante, Spain (2) . Although molecular techniques indicated that the sequences detected in the Alicante salterns were dominant in these salterns, none of the halophilic Archaea isolated from them belonged to this group (2) . This demonstrates the bias involved in using culturing techniques for the assessment of natural microbial populations. No cultured species phylogenetically related to cluster I have been identified to date, and therefore the physiological properties of this group are unknown.
Relatively high methane concentrations were found in the hypolimnion of Solar Lake. The December 1997 profile was characterized by a peak in methane concentration (6.5 M) directly below the chemocline (Fig. 1) . This peak suggests that biological methane was produced in this zone. However, no sequences grouping within clusters of cultured methanogens were detected from this section or any other section of the water column. All 29 sequences analyzed from this area belonged to the halophilic cluster I. Methane concentrations of up to 17 M were detected close to the sediment-water interface in June 1997. However, no sequences related to cultured methanogens were identified in the water column or the cyanobacterial mats (Minz et al., unpublished) .
The inability to detect known methanogens could be due to a number of reasons. (i) Species related to known methanogens may exist in the water column but represent a small fraction of the archaeal population, and thus the PCR analysis used was not sensitive enough to detect them. (ii) Clusters II, III, and IV are phylogenetically distant from cultured Archaea and thus nothing is known about their physiological characteristics. It is possible that members of these clusters represent novel methanogen types that have not yet been cultured. Unlike halophilic Archaea that are monophyletic, methanogens are a polyphyletic group represented by a number of clusters throughout the euryarchaeotal kingdom. Therefore, additional methanogen clades may exist that contain species not yet cultured.
Cluster II is phylogenetically located between the genera Methanobacterium and Methanococcus, and therefore the species affiliated with cluster II could also be H 2 -and CO 2 -utilizing methanogens.
Cluster III contains clones from anaerobic layers of the lake where methane concentrations were high. A number of sequences isolated from methane-rich rice paddy sediments phylogenetically group with this cluster (17) .
Species affiliated with cluster IV include a number of sequences that form a monophyletic cluster proximal to the genus Thermoplasma. This cluster has been described previously by DeLong (10), who designated these sequences as Euryarcheotal group II. These sequences have been isolated from environments such as coastal salt marsh sediments (26) and methane-rich Pacific marine sediments (18) , where a number of sequences closely resembling methanogens have been identified. In addition, sequences from areas such as the water column of the Santa Barbara Channel (24) , the sediment of a boreal forest lake (Jurgens et al., unpublished), and the intestines of two marine fish (39) also resemble sequences from cluster IV. The wide ecological diversity of these species could indicate that they are ecologically significant. DGGE analysis implied that this group was most prevalent at anoxic depths of 4.5 and 4.75 m in the June 1997 profile. This may indicate that these species originate in the sediment and migrate into the water column. Similar sequences were also detected in the Solar Lake cyanobacterial mats (Minz et al., unpublished) . This research revealed a wide diversity of archaeal sequences in Solar Lake. None of these sequences were closely related to any cultured organism. Thus, we have no information concerning the ecological role of these species. In order to evaluate the importance of Archaea in natural ecosystems, vital information on the genotypes and phenotypes of these organisms is required.
